The retention behaviour of estradiol derivatives was studied by HPLC on chemically bonded polar stationary phases: commercially available amino-and diol-columns, as a function of the heptane-propan-1-ol as the mobile phase, when the volume fraction of propan-1-ol in the binary mobile phase was low, even less than 5 %. The relationship between the logarithm of the retention constant (log k) and the logarithm of the volume fraction of propan-1-ol (-log j) in the eluent was linear for all solutes studied. The results are discussed in terms of the solute and stationary phase properties and compared with the results of the same derivatives obtained in earlier investigations.
INTRODUCTION
Estrogens 1 are important physiologically active substances produced by the ovaries. Among the most important estrogens is estradiol. Some simple chemical modification of the basic structure of the steroid can have a direct effect on the activity, in particular on the binding activity, of estradiol.
In our previous papers [2] [3] [4] [5] [6] the retention behaviour and retention mechanism of some estradiol and estrone derivatives chromatographed on silica gel, alumina, chemically bonded polar phases and C-18 bonded silica gel in normal and reversed phase, using several non-aqueous and aqueous eluents, was described. The type of the stationary and mobile phases, as well as the nature, number, and position of substituents in the molecule of the steroids were observed to have significant and distinct effects on the retention.
Non-aqueous mobile phases are more often used with chemically bonded polar stationary phases 7-10 than are aqueous mobile phases. Amino-and diol-stationary phases bonded on a silica gel support, comprising three carbon atoms (aminopropyl and 1,2-dihydroxypropylether), are less polar than non-modified silica gel or alumina adsorbents. The bonded chains are not long enough to provide efficient shielding of the residual silanol groups, which could not be modified in the silanization procedure because of steric reasons. As a result of this, chemically bonded polar stationary phases provide for more specific interaction at the surface and have operating advantages over traditional silica gel columns.
Several studies have reported that the competitive model of adsorption can be used to describe retention on chemically bonded polar phases in normal-phase chromatography. 4, [11] [12] [13] This model yields, with some simplification, Eq. (1) describing the dependence of the retention (capacity factor, k) on the mole fraction of the polar solvent, N b , in a binary mobile phase comprised of a polar solvent and a none-polar one 14 :
In this exponential equation, n is a constant giving the ratio of the molecular area on the adsorbent surface occupied by one molecule of the sample solute to that occupied by one molecule of the polar solvent. The concentration can often be expressed as the volume fraction, j, instead of the mole fraction: 15 log k = log k 0 -n log j
In addition, the competitive model does not take into account so-called secondary solvent effects. These effects, resulting from solute-solvent interactions in both the mobile and adsorbed phases, give rise to some of the most useful changes in retention and are often the source of chromatographic selectivity.
Although Eq. (2) is widely known in the chromatographic literature, Jandera and Chura~ek 15 have shown that for normal phase liquid-liquid chromatography the relationship between logarithm retention constant log k and volume fraction of the more polar component, j, in a binary eluent is better represented by the quadratic expression:
Assuming that the quadratic term can be ignored, to a first approximation, they obtained Eq. (4):
This model 15 interprets that the retention and retention mechanism are governed by a partitioning process.
This paper investigates the retention behaviour and retention mechanism of estradiol derivatives on amino-(aminopropyl) and diol-(1,2-dihydroxypropylether) columns using heptane-propan-1-ol eluents. The volume fraction of propan-1-ol in the binary mobile phases was low, even less than 5 %.
The compounds and their molecular structures are listed in Table I . The estradiol derivatives (Table I) , synthesized by original reactions or according to literature methods, 16 were dissolved (0.005 mg mL -1 ) in methanol and the solutions prefiltered through a 0.2 mm Chromafil filter (Macherey-Nagel, Düren, Germany). One binary solvent system, heptane-propan-1-ol was used as the mobile phase with varying contents of the more polar component; propan-1-ol 1-20 %; increments 2 and 5 %. The solvents used to prepare the mobile phases were of analytical grade and were filtered through a 0.45 mm filter and deggased before use. The flow rate was 1 mL min -1 at room temperature.
The retention factor, k, was calculated from k = (t r -t 0 )/t 0 , where t r is the retention time of the solute and t 0 the column void time measured using the solvent disturbance peak obtained when trace amounts of methanol were injected into the column. Each t r value was measured in triplicate and averaged.
RESULTS AND DISCUSSION
The logarithmic relationship between the retention factor, k, of the investigated compounds and the volume fraction, j, of the propan-1-ol as the stronger solvent in the binary eluent, for both columns was linear. This behaviour suggests that the model based on Eq.
(2) is suitable to describe the experimental behaviour of estrodiol derivatives on both columns. The numerical data for log k and the constants n and log k 0 for each studied compound for the amino-and diol-column with heptane-propan-1-ol as the eluent are presented in Tables II and III, Table I . Table I. propan-1-ol in the eluent for compounds 1, 2, 3, 4, 6, 9 and 10 on the amino-and diol-columns are presented in Figs. 1 and 2 , respectively. The retention behaviour of the estradiol derivatives on both columns were very similar and in accordance with the general retention behaviour in normal phase liquid chromatography. The retention sequence obtained with the eluent heptane-propan-1-ol is that predicted on the basis of the polarity of the compounds; the more polar solutes, compounds 1, 10 and 14 were more strongly retained and vice versa.
All the studied estradiol derivatives are more strongly retained on the amino column than on the diol column. Namely, both functions can form hydrogen bonds using both their own hydrogen atoms and hydrogen originating from the solute or solvent molecules, but only the amino function can be protonated.
The adsorption characteristics of the stationary phase of both columns are the consequence of proton acceptor-donor behaviour.
The slopes for the same compounds on the different columns (Tables II and III) were very similar. Because of this it was possible to average the values. Slope n in Eq. (2) is the change of the retention constant log k with the change of the volume fraction, j, in the eluent and can be expressed as: From Eq. (5) it is clear that the retention of a compound which has a slope decreases faster with increasing j in comparison with a compound which has a lower values of the constant n. With increasing j, the interations solute-stationary phase are reduced but the interactions solute-mobile phase are increased. On silica gel, 2,17-19 the retention and slope are strictly a function of the polarity of compound. More polar compounds have langer retentions and a bigger slope. However, in this and in earlier investigations 4 on chemically bonded phases, this rule was not confirmed. The retention order of he estradiol derivatives on both columns for j = 0.1 and order of the average values of constant n are as follows: Amino 10>14>11>.15>12>1>3>5a>7³5>13³2>4>9>8>6 Diol n -10>14>11>1>15>12>3>5a³7>5>2>13>4>9>8>6
= 14>15>7³3>11>12=5a>5>1>2>13>9=9=6>4
As the slopes of the solutes were not in accordance with their retention values there was no correlation between n and log k 0 of the compounds. 
